A phase-steered microstrip antenna array is presented, suitable for application as a mobile vehicle satellite terminal. Phase shifters are implemented on a hybrid dielectric-ferrite substrate, and use is made of the phase transition near the cut-off region of the biased ferrite. Small permanent magnets and carefully biased ferrites remove the need for large applied electromagnetic fields. 2-, 3-and 4-clement demonstrator arrays have been constructed, and np to 30 beam squint has been achieved For applied magnetic biases of' about 1000e.
INTRODUCTION
The introduction of ii new generation of communication systems involving a mobile terminal-to-satellite link, such as lridium, Globalstar, Odyssey and ICO-Global [I, 21, and vehicular anti-collision radar systems, means that compact inexpensive antennas with bean-steering capability will become desirable. However, conventional phasedriven arrays arc expensive, complex and unsuited to integration in hand-held or vehicle-mounted terminals. The aim of this paper is to describe the design and performance of an uncomplicated beam-steered printed array with integrated ferrite phase shifters [3] .
The permeability of a ferrite with an applied static or low-frequency magnetic field changes according to the applied field strength [41, Interesting properties, such as frequency tuning and reduction in RCS, have been reported. The variable permeability has been used here to change the electrical length of microstrip lines traversing the ferrite substrate. Usually significant changes in bias field strength are necessary to bring useful phase changes along the line [5, 6] , and large electromagnetic currents are required. We have made use of the ferrite behaviour near the cut-off region where microstrip modes do not propagate. With an increasing applied magnetic field, there is a rapid phase change associated with the ferrite permeability as the cut-off region is approached. It is this region of fast phase change that produces a large phase shift for a small alteration in the applied field.
The resonant frequency of radiating elements printed on ferrite substrates alters with applied bias [7] . This unwanted effect is elimited by utilising a substrate composed of both ferrite and dielectric regions. The radiating patches and phase shifters are printed on the dielectric and ferrite substrates, respectively. Results arc presented for arrays of two and three elements, and two different phase-shifter line layouts arc tested. A useful amount of beam steering (30) is predicted and measured.
The insertion loss of phase-shifting elements is an important parameter, as it can negate array gain improvement. Measurements have been taken to ensure that absorption in the ferrite substrate does not significantly reduce the array gain.
Microwave ferrites
When ferrites arc biased by a static magnetic field, the permeability of the medium is given by the well known Polder tensor. For a bias field directed normally to the surface of a ferrite slab, the effective permeability of the medium can be derived from the tensor [8] :
(1)
The tensor elements  and  are given by (2) The complex magnetic susceptibilities arc given by Pozar [8] . Fig. 1 shows the complex permeability of a ferrite above saturation at 7.8GHz. The material parameters of the ferrite are given in Table 1 . Two resonances arc visible.
Signal attenuation is associated with the imaginary part of  eff and the resonance peaks correspond to regions of maximum absorption. Note that the position of these peaks is frequency-dependent.
Table 1: Parameters of G-350 YIG ferrite
Peak A is the absorption resonance where the tensor component p = 0. This causes the effective ferrite permeability to become indeterminate, and propagating waves in the medium are strongly attenuated. The region of interest for this application occurs just before the absorption resonance (peak A). Peak B corresponds to the gyromagnetic resonance where RF power couples maximally to the precessing magnetons in the crystal lattice. As the magnetic bias field is increased from saturation towards absorption resonance, another region of interest is encountered. This is the cut-off region where  eff < 0, and consequently wave propagation is prevented within the ferrite. The value of the real part of  eff decreases rapidly as the cut-off point is approached, and this alters the electrical length of a microstrip line printed on the ferrite.
To test this theory, a 5cm long microstrip line phase shifter (as shown in Fig. 2 ) was produced, where 2cm of the line was affected by the biasing magnetic field. Fig. 3 shows the measured S 12 , parameter of the line. It can be seen that there is a significant phase shift occurring before the cut-off point is encountered, with a change or over 20 achieved in the region between 2.3 and 2.4KOe. The attenuation at field strengths above 2.4KOe is due to the cut-off region. This region of rapid phase change, with little increase in attenuation at magnetic bias levels just below cut-off, is used in this work to realise printed ferrite phase shifters integrated with microstrip antenna arrays.
Array design
An array incorporating a travelling wave feed is most suitable for this application, as it allows a progressive phase shift to be included with equal increments between radiating elements. A corporate feed, although somewhat easier to design, requires differing phase delays at branched points to produce a linear phase slope at the array elements. This translates to magnetic bias fields of different strengths, varying in proportion to each other.
The 2-and 3-clcment ray results presented in this paper are taken from a linear array of circular pitches excited by a series feed. Fig. 4 shows the geometry of the 3 element array, indicating the structure of the ferrite-dielectric substrate. The substrate dimensions are 110mm x 70mm. Mobile-to-satellite systems often require circularly polarised antennas. These can be produced in the discussed arrays by introducing notch perturbations to the patches, with no modification required to the feed structure [9] . All the presented arrays are linearly polarised.
A 3-elenient array was designed on 5870 RT duroid with a binomial feed amplitude distribution. Phase shifters were created by routing two sections of line between the antenna elements over a region of ferrite in the substrate plane. Circular printed patches operating in the TM,, mode were selected 21s the radiating elements. This mode has a single beam directed to the zenith and a half-power beam width of 60.
The design parameters are given in Table 2 .
Table 2: Parameters of microstrip patch on 5870 RT-duroid
The regions or microstrip traversing the ferrite substrate were designed to be of similar length and characteristic impedance to each other, to ensure that the application of identical magnetic bias at each point would produce a uniform phase gradient. The unbiased phase lengths were chosen to give an initial zero phase difference between adjacent array elements. Potential mismatches at the substrate transition could he minimised by selecting a dielectric with permittivity similar to that of the ferrite. However, the extremely thin high impedance lines that this would produce make feed-matching a serious problem. Low permittivity substrates improve printed antenna efficiency and bandwidth. It was determined experimentally that using a low dielectric substrate below the patches did not cause a significant discontinuity at the ferrite transition, provided that the line width is adjusted accordingly to minimise the impedance mismatch. Little radiation loss was detected.
The feed design frequency was made insensitive to applied bias field, by ensuring that no highly frequency dependent components (e.g. impedance transformers) were placed on the ferrite.
Simulation
The array win designed and simulated using the Hewlett Packard software package Momentum, which is based on the method of moments technique. It was necessary to model the two sections of the hybrid substrate separately, due to the planar nature of' the modelling process. The starting point for the design and simulation was zero magnetic bias, with the parameters given in Table 1 . The phase shifts under bias were predicted using eqns. 1 and 2 with simple array theory for radiation pattern calculation.
In addition, note that Momentum does not model surface waves in the substrate, a common cause of coupling betwen arrayed microstrip patches. However, as the substrate permittivity was low and the height small, surface waves were not expected to contribute to significant mutual coupling between radiating elements.
Results
The performance of the phase shifters was assessed by S-parameter measurement on a Wiltron 360 network analyser. The phase shifters were jig-mounted so that the ferritedielectric transition was included in the measurement. [10], and multi section input matching is thought to be less important. However, this will be studied in an attempt to optimise the phase shifter performance. Fig. 6 shows the radiation patterns, both experimental and theoretical, of a magnetically steered 2-clcmcnt array. Measurements show that a significant change in beam direction occurs, up to 25 for a change of only 120 Oe in the applied DC magnetic field. In general, the more elements an array has, the further a given phase progression will steer the beam. The side-lobes increase as expected for a 2-element uniformly excited array. There is reasonable agreement with theory.
A 3-element array was built and tested. The array gain was measured to be 4.3dB below that of an identical array with no ferrite present. The cause of this discrepancy is the insertion loss of the two ferrite phase shifters (reasons for this are presented above). This was 2.19dB per phase shifter, giving close agreement with the recorded gains. S 11 was measured to be -20dB at 7.8GHz. The operating frequency of the array is independent of applied bias. Fig. 7 shows the measured array patterns, together with those calculated by array theory. There is an 8 squint at zero bias, which is due to a small phase length error in the phase shifters. The differences in elevation angle between theory and measurement arc caused by ground plane effects, and disturbance to the binomial amplitude distribution caused by differences between the two phase shifters that degrade the array factor and reduce the anticipated steering effect. The side-lobe levels remain ~-7.5dB below the main beam for the entire steering process. Design expressions for microstrip on ferrite substrates developed by Pucel and Masse
[11] were used to calculate the phase change expected for the phase shifters. The results were compared with the uniform phase progression required to steer the array beam to the measured angles. Fig. 8 shows that the agreement with measurement is good. The maximum phase error is 12, which corresponds to a pointing error of 2.
The input match between the biased line and a reference 50  line was calculated, to assess the phase shifter bandwidth. The bandwidth between the operating point at 7.8GHz and the -10 dB S 11 frequency was just over 5%, which exceeds the usual bandwidth of the microstrip patches.
A 4-clement array with a corporate fecd was also produced. Although the symmetrical branching feed was somewhat simpler to design than the series case, biasing was more complicated as different field strengths were required at different points. The side-lobe levels were also high as all four elements were excited uniformly in magnitude. Beam steering of 35 was achieved for bias strengths comparable with the 3-clement series feed array, but the radiation patterns were of a poor quality due to the bias field interaction bctween the different phase shift elements. The frequency of operation for the 4-clement array was 9GHz.
As with any phased array, brain steering beyond a certain angle will cause the side lobe magnitude to become comparable to that of the main beam. Scan losses and blindness angles will also be encountered. The limiting factor with these ferrite shifted arrays is an impedance mismatch due to the ferrite cut-off region. inspection of the main beam attenuation and scan angle with magnetic bias for the 2-element army revealed that attenuation remained low (better than 0.5dR) until cut-off was encountered at 2.3KOe.
Applying the magnetic bias field normally to the ferrite produces non-reciprocal phase shifting. The scan angle is therefore independent of bias field polarity. Beam steering either side of the zenith can be achieved by designing the array to incorporate a compensating unbiased squint.
The results presented were all obtained by placing permanent magnets at different spacings behind the ferrite substrate. An electromagnet would be necessary for a practical application. This would present a continuous phase shift with applied current, offering a resolution advantage over discrete phase step systems. The steep phase gradient near cut-off could be useful in a practical design to give significant beam shifting with a realistic electromagnet driving current. A static bias field of around 2.1KOe could be provided by permanent magnets or preferably a pre-biased hexafcrrite substrate. We plan to examine hexaferrites for this application.
Conclusion
We have presented the concept of a simple and cheap beam-steered array suitable for numerous applications. The array structure is printed on an integrated dielectric-ferrite substrate, where a normally directed magnetic bias is applied to alter the electrical length of a microstrip line on the ferrite. Results have been presented for a 2-element and a binomially fed 3-clement array. Each array comprised circular radiating patches operating at the TM 11 mode. A study was carried out to improve the total phase shift available from one region of microstrip line on the ferrite, and this has resulted in a total phase change of 90 for a bias level change of just 100 Oe. It can therefore be determined that the sharp change in transmission phase immediately before a ferrite enters its cut-off region can successfully be employed to produce a useful phase shift.
The insertion loss ol the unbiased phase shift elements was derived from the measured S 11 and S 12 parameters and was found to be 2.2dB. This was due to plating problems on the ferrites and will be eliminated in future designs. The insertion loss was observed lo increase by only 0.3dB as bias increased up to the cut-off point.
For a 2-element array, the applied magnetic bias produced a 30 change in beam elevation without a significant degradation of radiation patterns and the operating frequency remained constant, as all radiating and transforming components were printed on conventional dielectric material. Such an array would be of use where space for antennas was limited, such as on a vehicle. The large bias fields necessary could be provided statically by small permanent magnets or pre-biased hexaferrites, and a small low-current electromagnet varying this field would actuate the beam steering. This is the direction of thc next phase of our project. Large phase shifts can be achieved with small variation in bias if the design operates on the very steep phase gradient close to cut-off. The 3-element array gave similar results, but more work is required to balance the performance of the phase shifters. A small difference in applied bias field brings about a large differential in phase between the phase shifters, due to the sensitivity of the process.
The radiation pattern quality and gain could be improved by developing a model of the ferrite-duroid transition to optimise the design. Work to reduce the insertion loss of the ferrite substrate is continuing.
